Abstract Pulmonary complications are major causes of morbidity and mortality after haematopoietic stem cell transplantation (HSCT). We hypothesise that elevated exhaled nitric oxide (FeNO) levels early after HSCT in children are predictive for pulmonary complications. The present prospective study included 30 children (age, 4-18 years) before HSCT. FeNO levels were evaluated 10 days before transplant, at day 0, day +28 and day +60 after HSCT. During the follow-up period until day +100, pulmonary complications and lung function were assessed. Before HSCT, the mean FeNO levels were comparable in children with or without post-transplant pulmonary complications. However, they differed at day 0 and day +28 with a mean of 7 (±1.95) and 13 (±3.44) ppb at day 0 and a mean of 13 (±3.44) and 14 (±3.57) ppb at day +28, respectively. Conclusion: Children with pulmonary complications after day +28 have higher mean FeNO levels 28 days after HSCT than children without later pulmonary complications. Therefore, FeNO could be an important diagnostic tool for hyperinflammatory response in bronchial epithelium after paediatric HSCT.
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Introduction
Allogeneic haematopoietic stem cell transplantation (HSCT) is an important treatment option for several malignant and non-malignant diseases in childhood. However, 40% to 60% of the patients have pulmonary complications after HSCT, which contributes for a significant percentage to transplantrelated mortality [9, 25, 27] . These complications are infectious or non-infectious and are classified as early or late depending on whether they occur before or after day 100 after transplantation [12] . Several risk factors for infectious complications including neutropenia and myeloablative therapy [8] have been published, while non-myeloablative conditioning regimen and graft source may predispose for non-infectious pulmonary complications such as pulmonary graft versus host disease (GvHD). Yet, reliable predisposing risk factors have not been established, partly due to insufficient understanding of the exact underlying pathophysiologic mechanisms of these diseases [1, 12] . The most common early-onset non-infectious pulmonary complications include peri-engraftment respiratory distress syndrome (PERDS), idiopathic pneumonia syndrome (IPS) and bronchiolitis obliterans with organising pneumonia (BOOP) [12, 30] . Therefore, measurement of the degree of bronchial inflammation is a potential key for early detection of HSCT-related pulmonary pathology. During inflammatory processes in the lungs, inducible nitric oxide synthase (iNOS) is known to be upregulated, leading physiologically to production of nitric oxide (NO) supporting a non-specific defence against microorganisms. Furthermore, nitric oxide seems to be involved in airway and vascular calibre regulation, finally leading to bronchodilation [14] . Kanamori et al. [15] have shown that fraction of exhaled nitric oxide (FeNO) is elevated in adults with bronchiolitis obliterans after HSCT. We therefore hypothesised that FeNO may be a sensitive marker for early alloimmunologic pulmonary complications also in children and adolescents, but prospective data have not been published yet to support this hypothesis.
Patients and methods

Patients
In this first prospective study, we assessed the prevalence and underlying risk factors of pulmonary complications in paediatric patients after allogeneic bone marrow transplantation or allogeneic peripheral blood stem cell transplantation for malignant or non-malignant diseases at St. Anna Children' Table 1 ; the respective subgroups are displayed in the flow chart of Fig. 1 . For all these patients, medical records, spirometric data and radiologic examinations were reviewed. The study has been approved by the local IRB Ethikkommission St. Anna Kinderspital (project approval number 190109), and has been conducted in accordance with the ethical principles that have their origin in the Declaration of Helsinki. Prior to any study-related screening procedures being performed on patients, informed consent was obtained from the patients or their legal guardians. 
Pulmonary follow-up
Prior to transplantation, all children underwent routine clinical and laboratory examination, chest X-ray and lung function testing, if possible. During the first 4 weeks after HSCT, daily clinical and laboratory examinations, within the first 3 months weekly, and then monthly examinations were performed until 1 year post-transplant. Additional PCR screening for cytomegalovirus (CMV), EBV, ADV, RSV and influenza was performed in case of respiratory symptoms or fever. Additional chest X-rays or high-resolution CT scan was done in case of persisting respiratory symptoms with unknown aetiology. Active or passive tobacco smoke exposure was not recorded systematically.
Pulmonary infections were defined according to the diagnostic criteria following the guidelines of the European Organization for Research and Treatment of Cancer/Mycoses Study Group, distinguishing between proven (by culture), probable (typical CT signs) and possible (criteria for a host factor and a clinical criterion but without microbial criteria) infections. Infectious pulmonary complications were defined as pulmonary infection with clinical signs of tachydyspnea, crackles and radiologic infiltrates. Non-infectious pulmonary complications were defined according to clinical, spirometric and radiologic findings as described previously [12] .
FeNO measurements
Exhaled nitric oxide was measured with the portable NIOX MINO® device (Aerocrine AB, Sweden), following published recommendations [2-4, 6, 16] . After inhalation of NO-free air, children exhaled from total lung capacity with a flow rate of 50 ml/s against a flow resistance created by the device in order to close the soft palate to avoid any nasal NO contamination. Repeated exhalations (three that agree within 10% or two within 5%) were performed with at least 30-s intervals and mean NO was recorded [6] . FeNO was 
Graft versus host disease
GvHD was diagnosed and graded according to international criteria [11, 23] . First-line GvHD treatment included prednisone 2 mg/kg/day, non-responders were treated either with FK506 instead of CSA or MMF as add-on. Extensive chronic skin GvHD was additionally treated with phototherapy or extracorporeal photopheresis.
Statistics
Results were expressed as mean (range). Wilcoxon twosample test was used to compare FeNO levels, FEV1% and FVC%, for patients with and without history of infectious or non-infectious complications or GvHD. p values less than 0.05 were considered as statistically significant. Calculations were performed using SPSS/PC+13.0 (SPSS Inc., Chicago, IL, USA).
Results
Pulmonary complications
Within the first 100 days after HSCT, pulmonary complications have been observed in 25 of 30 study patients (83%). Demographic data of patients with or without pulmonary complications are shown in factors increased generally for transplant-related mortality [10, 20] , 23 of 30 children (77%) received myeloablative conditioning, 6 of 20 children (20%) received busulfan during conditioning, 16 patients (53%) had a matched unrelated donor and 19 children (63%) underwent total body irradiation with 12 Gy. Twenty-five subjects (83%) had a malignant underlying disease, 7 patients (23%) had one mismatch in their graft, 1 had two mismatches. Increased risk for CMV infection was assumed if the recipient was CMV IgG positive but the donor CMV IgG negative, which could be observed in seven children (23%).
Graft versus host disease
Eighteen children had a classic acute skin GvHD after HSCT, additionally with three cases with gut involvement, and two with liver GvHD. Classic chronic GvHD occurred in five children; none of whom with an overlap syndrome as described by the NIH criteria [11] .
FeNO levels before and after HSCT In children after HSCT, FeNO showed no significant correlation with lung function parameters, age, gender, myeloablative conditioning, conditioning with busulfan, CMV risk profile, graft source and number of HLA mismatches and underlying disease or acute GvHD. Conditioning with busulfan showed no significant correlation with pulmonary complications. Children with matched sibling donors had significantly higher (mean 12.5 ppb) FeNO levels at day +28 (p00.005) compared to MUD at day +28 (5.5 ppb), but with comparable levels at day 0 (p00.454) and day +60 (p00.064).
Children at higher risk for CMV infections showed no significantly elevated FeNO results (p 00.054). Finally, there was a significant correlation between FeNO levels before and immunoglobulin E (IgE) levels 100 days after HSCT (p00.019), whereas no significance could be shown for the other time-points (p00.378). None of our children had a history of atopy or elevated IgE levels before HSCT.
FeNO and pulmonary complications Figure 2 shows an overview over all FeNO measurements and their respective results at four time-points, whereas Fig. 3 compares FeNO levels of children with or without pulmonary complications until day +100. Children with any kind of pulmonary complications until day 100 after HSCT had higher FeNO levels at days 0 (mean, 13 ppb; ±3.44) and +28 (mean, 14 ppb; ±3.57) than children without early respiratory pathology, at days 0 (mean, 7 ppb; ±1.95) and +28 (mean, 8 ppb, ±1.33), respectively ( Table 2 shows the mean FeNO levels for all subgroups). No significant correlation between pulmonary infections after HSCT and FeNO levels at day 0 (p0 0.389), day +28 (p00.471) and day +60 (p00.746) could be shown. A subanalysis of 17 children with acute lymphoblastic leukaemia (eight patients with MUD, nine patients with MSD) was performed. All children with acute lymphoblastic leukaemia (ALL) received myeloablative conditioning; 13 suffered from pulmonary complications after HSCT. FeNO levels in this subcohort were higher at day +28 (mean, 13 ppb; ±1.55) in patients with pulmonary complications after day +60 compared with children without early pulmonary pathology (mean, 7 ppb; ±1.96); FeNO levels were comparable in both groups at day −10, day 0 and day +60, respectively.
Discussion
For the assessment of the individual risk for developing pulmonary complications, measurement of nitric oxide in exhaled Fig. 2 FeNO levels in the study population before and after HSCT Fig. 3 Mean FeNO levels before and after HSCT in children with and without pulmonary complications air (FeNO) has been proposed amongst various other factors in adults. Kanamori and co-workers [15] have published a case series of adults with BOOP after HSCT with FeNO levels above 36 ppb, suggesting that elevated FeNO may be predictive for pulmonary complications after HSCT. In a recent study with adult patients after lung transplantation, FeNO has been shown to be a valuable tool for risk stratification for bronchiolitis obliterans syndrome [21] . In contrast to immunocompetent children [7, 19] , no data exist on normal FeNO levels in immunosuppressed children or on the predictive value of elevated FeNO for pulmonary complications after paediatric allogeneic HSCT. FeNO levels were generally lower in our cohort than in the adult study by Kanamori or in adult patients following autologous HSCT after breast carcinoma [24] , reflecting the fact that norm values in immunocompetent children are also lower than in adults. Notably, FeNO levels did not correlate significantly with pulmonary function parameters such as FEV1, FVC or TLC. This finding may be due to the fact that the role of PFT as a predictive factor for pulmonary complications after HSCT is discussed controversially [30] and may be rather a secondary parameter for respiratory impairment.
A possible role for bronchial dysfunction after HSCT may have myeloablative conditioning and the wide use of systemic corticosteroids in our population, which is known to reduce FeNO levels significantly [26] . Immunologic inactivation of iNOS may therefore be responsible for the missing correlation of FeNO with pulmonary infections in our immunosuppressed study population. We hypothesised that inactivation of NO production could be reversed by alloimmunologic mechanisms as described for non-infectious pulmonary complications after HSCT [13, 17, 25, 28, 29] . We could show that children with pulmonary complications after day +60 had a trend towards higher FeNO levels at day 0 and day +28 than children without PC (in a subcohort of ALL patients only at day +28), without reaching statistical significance. These data suggest a possible role of FeNO as an easily accessible, noninvasive marker preceding PC in children. Therefore, we suggest measuring FeNO at least at day +28 for assessment of the individual risk for PC and for early detection of pulmonary pathology after HSCT in childhood.
FeNO levels did not show any significant correlation with acute GvHD in our cohort. In contrast, other studies [18, 27] have shown a significant correlation of FeNO levels with acute GvHD, with a supposedly immunologic underlying mechanism. However, considering our observation that elevated FeNO levels precede early PC rather than acute GvHD, it is still possible that FeNO would be predictive for chronic pulmonary GvHD, which has to be proven in further studies. Of interest, children with matched sibling donors had higher FeNO levels at day +28 than children with matched unrelated donors, which may be attributed to different GvHD prophylaxis. However, therapy with corticosteroids surprisingly did not influence the findings of our study. One could expect that children without pulmonary complications had lower FeNO levels simply because they received a higher cumulative dose of systemic steroids. In contrast, children without any PC and low FeNO levels received lower cumulative doses of steroids (114 mg/kg prednisone) until day +60 than children with PC (152 mg/kg prednisone) after day +60 and high FeNO levels.
Finally, we observed a positive correlation of elevated FeNO and total serum IgE, which may reflect a systemic alloimmunologic pro-inflammatory upregulation leading to stimulation of B cells and iNOS [5] equally. The primary aim of this study was to describe the patterns of FeNO levels in children after HSCT. We expected a trend towards a higher prevalence of pulmonary complications in children with higher FeNO and found some suggestive data at day 0 and day +28. Compared with the reference values for nontransplant children, FeNO levels were generally lower in our immunosuppressed population, mainly due to high doses of systemic corticosteroids in the course of HSCT. However, our data show that even with severe immunosuppression, the bronchial epithelium reacts to injury by elevated FeNO levels, as an early marker for the start of respiratory pathology.
In conclusion, elevated FeNO levels after HSCT in children seem to precede early pulmonary complications. The clinical relevance of our observations has to be fostered by follow-up of our study group and by multi-centre studies measuring FeNO in children after HSCT.
What is already known on this topic:
& FeNO is elevated in adults with pulmonary complications after HSCT, & which have a high mortality also in childhood.
What this study adds:
& FeNO is elevated in children with pulmonary complications after HSCT, & therefore representing a novel and important diagnostic tool for this population.
